Introduction {#s0005}
============

Nitric oxide (NO) is a major player in normal cardiovascular physiology [@bib1] and its deficiency causes endothelial dysfunction, a critical mechanism in the pathogenesis of cardiovascular diseases including hypertension [@bib2; @bib3]. Oxidized NO forms the anions nitrite (NO~2~^−^) and nitrate (NO~3~^−^), and it is now clear that NO-derived metabolites can recycle back to NO through a nitrate--nitrite--NO pathway that complements NO formation independent of NO synthases [@bib4; @bib5]. Importantly, nitrite anions are now considered as a major vascular storage pool and source of NO [@bib6; @bib7], and therefore drugs that increase the vascular concentrations of nitrite may promote therapeutic effects, particularly in disease conditions associated with NO depletion [@bib2]. However, very few studies have examined how drugs that improve endothelial dysfunction affect vascular nitrite levels, especially in hypertension. Examining this possibility is very important because NO production from nitrite occurs mostly in tissues [@bib7] and therefore assessing tissue nitrite levels may improve our understanding of how the nitrite--NO pathway mediates critical functions [@bib8].

In this study, we hypothesized that drugs activating the NO-cyclic guanosine monophosphate (cGMP) pathway could increase the vascular stores of NO (assessed as tissue nitrite concentrations) and thus improve the vascular function in hypertension. We examined how atorvastatin or sildenafil, or the combination of both drugs, affect the vascular nitrite concentrations in the 2 kidney-1 clip (2K1C) hypertension model. This model exhibits many features of clinical hypertension including increased vascular oxidative stress, impaired vascular NO activity, and endothelial dysfunction [@bib9; @bib10; @bib11; @bib12]. While statins improve endothelial dysfunction by mechanisms that reduce reactive oxygen species (ROS) formation and enhance NO activity [@bib13; @bib14], no previous study has examined whether atorvastatin increases the vascular NO stores in 2K1C hypertension. Moreover, while phosphodiesterase 5 inhibitors (PDE5i) activate the NO-cGMP pathway by inhibiting cGMP degradation, antioxidant mechanisms activated by these drugs may reduce tissue ROS concentrations and therefore may improve vascular NO bioavailability by preventing the reaction of NO with ROS [@bib15; @bib16; @bib17]. However, it is unknown whether sildenafil improves vascular NO stores and improves endothelial dysfunction in 2K1C hypertension. The present study addresses the effects of both drugs and the combination therapy, which could offer additive effects on vascular nitrite levels and function [@bib18; @bib19; @bib20].

Material and methods {#s0010}
====================

Animals and treatments {#s0015}
----------------------

This study was approved by the Institutional Animal Care and Use Committee of the Faculty of Medicine of Ribeirao Preto, University of Sao Paulo, and the animals were handled according to the guiding principles published by the National Institutes of Health. Male Wistar rats (180--200 g) were maintained on 12-h light/dark cycle at 25 °C with free access to rat chow and water.

Surgical procedures and experimental protocols {#s0020}
----------------------------------------------

2K1C hypertension was induced by clipping the left renal artery with a silver clip (0.2 mm). Sham-operated rats underwent the same surgical procedure (under general anesthesia with ketamine 100 mg/kg and xylazine 10 mg/kg i.p.), except for the placement of the renal artery clip. Body weight and systolic blood pressure (SBP) were assessed weekly. SBP were measured by tail-cuff plethysmography, and the rats were considered hypertensive when SBP\>160 mmHg two weeks after the surgery.

Animals were randomly assigned to one of eight groups: 2K1C and Sham groups that received ethanol 2% (vehicle used to dilute both drugs); 2K1C and Sham groups that received atorvastatin at 50 mg/kg per day [@bib21]; 2K1C and Sham groups that received sildenafil at 45 mg/kg per day [@bib22]; and 2K1C and Sham groups that received the combination of atorvastatin 45 mg/kg+sildenafil 50 mg/kg per day. The treatments were started two weeks after 2K1C hypertension was induced and maintained for additional eight weeks. All treatments were given daily by oral gavage and after 10 weeks of hypertension, the animals were killed by decapitation and their thoracic aortas were isolated and cleaned of connective tissue and fat. Arterial blood samples were centrifuged at 1000*g* for 10 min and plasma fractions were immediately stored at −70 °C until used for biochemical measurements.

Determination of plasma and vascular nitrite concentrations {#s0025}
-----------------------------------------------------------

The plasma and aortic extracts were analyzed in duplicate for their nitrite content using an ozone-based reductive chemiluminescence assay as previously described [@bib23; @bib24]. The aortas were homogenized in ice-cold phosphate buffer (pH 7.4; 500 μl) and homogenates were kept on ice in the dark and used within 30 min of preparation. Briefly, to measure nitrite concentration, 50 μl of plasma or 200 μl of aortic extracts samples were injected into a solution of acidified triiodide, purging with nitrogen in line with a gas phase chemiluminescence NO analyzer (Sievers Model 280 NO analyzer, Boulder, CO, USA). Approximately 8 ml of triiodide solution (2 g potassium iodide and 1.3 g iodine dissolved in 40 ml water with 140 ml acetic acid) was placed in the purge vessel into which the samples were injected. The triiodide solution reduces nitrites to NO gas, which is detected by the NO analyzer. The data were analyzed using the software Origin Lab 6.1.

Vascular reactivity {#s0030}
-------------------

The thoracic aortas were isolated and rings 4 mm in length were cut and mounted for isometric tension recording. The rings were placed in bath chambers (5 ml) for isolated organs containing modified Krebs salt solution with the following composition (mmol/L): NaCl 130, CaCl~2~ 1.6, MgSO~4~ 1.2, KH~2~PO~4~ 1.2, KCl 4.7, NaHCO~3~ 14.9, glucose 5.5. This solution was maintained at 37 °C, pH 7.4, and bubbled with 95% O~2~ and 5% CO~2~. The system was connected to an isometric force displacement transducer (Letica Scientific Instruments, Barcelona, Spain) and the responses were recorded on a computer system using the Chart version 4.04, PowerLab ADInstruments (2000) program. The aortic rings were subjected to a tension of 1.5 g for a 60-min equilibration period and were considered to have intact functional endothelium when acetylcholine (10^−3^ mol/L) produced more than 80% relaxation, which was calculated as a percentage of the contraction induced by phenylephrine (10^−7^ mol/L). To assess endothelium-dependent and endothelium-independent relaxation, aortic rings precontracted with phenylephrine (10^−4^ mol/L) were used to construct cumulative concentration--response curves to acetylcholine (10^−10^--10^−5^ mol/L) and to sodium nitroprusside (10^−10^--10^−5^ mol/L) [@bib25].

Assessment of vascular ROS formation, vascular NADPH activity, and lipid peroxide levels in plasma {#s0035}
--------------------------------------------------------------------------------------------------

Dihydroethidium (DHE) was used to evaluate vascular production of reactive oxygen species (ROS). Briefly, aortic tissues were embedded vertically in Tissue-tek^®^ and criostetized. The aortic sections were incubated with DHE (10 μmol/L) as previously described [@bib26] and examined with fluorescence microscopy (Leica Imaging Systems Ltd., Cambridge, England). The images were captured at x400 and the intensity of the red fluorescent signal was evaluated by using ImageJ Program (NIH -- National Institute of Health).

Vascular NADPH-dependent superoxide production was measured in aortic rings from all experimental groups as previously described [@bib26]. Aortic rings were transferred to luminescence vials containing 1 mL of Krebs-HEPES buffer, pH 7.4. After equilibration and background counts, a nonredox cycling concentration of lucigenin (5 μmol/L) and NADPH (300 μmol/L) were automatically added and the luminescence counts measured continuously for 15 min in a Berthold FB12 single tube luminometer at 37 °C. Background signals from aortic rings were subtracted from the NADPH-driven signals and the results were normalized for the dry weight and reported as RLU/mg/min.

Plasma lipid peroxide levels were determined by measuring thiobarbituric acid reactive substances (TBARS) using a fluorimetric method that requires excitation at 515 nm and emission at 553 nm as previously described [@bib27]. The lipoperoxide levels were expressed in terms of malondialdehyde (MDA) (nmol/mL).

Immunohistochemistry assessment of vascular nytrotirosine levels {#s0040}
----------------------------------------------------------------

Vascular nitrotyrosine levels were measured in aortas fixed in 4% phosphate-buffered paraformaldehyde, pH 7.4, and embedded in paraffin. Tissue sections (5 μm thick) were deparaffinized, washed with phosphate buffer, and submitted to heat-induced antigen retrieval, endogenous peroxidase inhibition, and non-specific antibody blocking. Subsequently, the sections were incubated overnight at 4 °C with the anti-nitrotyrosine primary antibody (1:100; Millipore) and with the secondary antibody (1:200; Millipore). Antigen was visualized with a labelled streptavidin biotin peroxidase technique (Vectastain ABC kit; Vector Laboratories Inc.) with 3,3′-diaminobenzidine (DAB) substrate [@bib28]. Sections were counterstained with haematoxylin, and examined using light microscopy (Leica Imaging Systems Ltd., Cambridge, England) and the image was captured at x400. Immunoreactivity intensity was measured using the ImageJ Program.

Statistical analysis {#s0045}
--------------------

The results are expressed as means±S.E.M. Comparisons between groups were assessed by two-way or one way ANOVA followed by the Tukey test using GraphPad Prism software. A probability value\<0.05 was considered signiﬁcant.

Results {#s0050}
=======

Effects of treatments on systolic blood pressure (SBP) and body weight {#s0055}
----------------------------------------------------------------------

The baseline SBP was similar in the eight experimental groups, and no signiﬁcant changes were found in the Sham+vehicle and in the Sham+treatment groups ([Fig. 1](#f0005){ref-type="fig"}A). SBP increased progressively in the 2K1C+Vehicle group (final SBP=200±4 mmHg). The treatment of 2K1C rats with atorvastatin, sildenafil, or both drugs exerted similar antihypertensive effects (final SBP=148±6, 156±2, and 138±4 mmHg, respectively; [Fig. 1](#f0005){ref-type="fig"}A; *P*\<0.05). Similar body weight gain was found in the eight experimental groups ([Fig. 1](#f0005){ref-type="fig"}B; *P*\>0.05).

Effects of drug treatments on aortic and plasma nitrite concentrations {#s0060}
----------------------------------------------------------------------

To examine the effects of drug treatments on the vascular stores of NO, nitrite concentrations were assessed in aortic and in plasma samples. Treatment with atorvastatin significantly increased nitrite concentrations in the aortas from 2K1C hypertensive animals by approximately 70% (*P*\<0.05), whereas this statin only marginally (*P*=0.085) increased nitrite concentrations in Sham-operated animals ([Fig. 2](#f0010){ref-type="fig"}A). In contrast with atorvastatin, treatment with sildenafil did not affect aortic nitrite concentrations in both Sham-operated and in 2K1C hypertensive rats (*P*\>0.05; [Fig. 2](#f0010){ref-type="fig"}A).

To further confirm the effects of treatments on NO storage, we measured nitrite concentrations in plasma samples. Interestingly, the changes in plasma nitrite concentrations were similar to those found in the aortic tissue. While atorvastatin treatment increased plasma nitrite concentrations by approximately 70% to 110% in 2K1C and in Sham-operated animals, sildenafil increased plasma nitrite concentrations only in Sham-operated animals (all *P*\<0.05; [Fig. 2](#f0010){ref-type="fig"}B).

No significant interactions were found between atorvastatin and sildenafil treatments with respect to aortic or plasma nitrite concentrations (*P*\>0.05; [Fig. 2](#f0010){ref-type="fig"}A and B).

Effects of treatments on vascular function {#s0065}
------------------------------------------

To examine whether increased vascular NO storage as a result of drug treatment would translate into improved vascular function, we examined the vascular responses to acetylcholine. [Fig. 3](#f0015){ref-type="fig"}A shows impaired endothelial cell-dependent responses to acetylcholine in 2K1C hypertensive rats as compared with the Sham-operated groups, as revealed by a right shift in the concentration--dependent responses and decreased maximum response to acetylcholine in hypertensive rats (*P*\<0.05; [Fig. 3](#f0015){ref-type="fig"}A). Treatment with atorvastatin or sildenafil, or both, restored the vascular responses to acetylcholine (*P*\<0.05; [Fig. 3](#f0015){ref-type="fig"}B).

No significant changes were found in the aortic responses to sodium nitroprusside when 2K1C hypertensive rats were compared with Sham-operated controls, and drug treatments had no effects on the responses to this NO-donor drug (*P*\>0.05; [Fig. 3](#f0015){ref-type="fig"}C).

No significant interactions were found when both drug treatment were combined (*P*\>0.05; [Fig. 3](#f0015){ref-type="fig"}A--C).

Effects of treatments on 2K1C-induced increases in oxidative stress {#s0070}
-------------------------------------------------------------------

Treatment with atorvastatin or sildenafil could contribute to increased NO bioavailability by decreasing hypertension-induced oxidative stress. To examine the possible antioxidant effects of both drugs, we used three different methods. First, we used the fluorescent superoxide indicator DHE to study the effects of the treatments on 2K1C hypertension-induced increases in ROS production in aortic tissues. [Fig. 4](#f0020){ref-type="fig"}A and B shows higher vascular ROS levels in 2K1C hypertensive rats compared with Sham-operated groups (*P*\<0.05). While drug treatments exerted no effects in Sham-operated groups, both drugs abolished 2K1C-induced increases in vascular ROS production (*P*\<0.05; [Fig. 4](#f0020){ref-type="fig"}A and B).

To confirm antioxidant effects exerted by both drugs, we measured the NADPH oxidase activity in the aortas from rats. This is important because vascular ROS are produced in endothelial, adventitial, and vascular smooth muscle cells and derive primarily from NADPH oxidase activity. [Fig. 4](#f0020){ref-type="fig"}C shows that hypertension was associated with increased NADPH oxidase activity when compared with Sham-operated groups, and both drugs significantly decreased NADPH oxidase activity in hypertensive rats (*P*\<0.05).

To further validate the antioxidant effects found in vascular tissue, we measured plasma lipid peroxide levels. Higher malondialdehyde (MDA) levels were found in 2K1C+Vehicle group as compared with the Sham-operated groups (*P*\<0.05; [Fig. 4](#f0020){ref-type="fig"}D). Both drug treatments were associated with lower MDA levels in 2K1C hypertensive rats (*P*\<0.05; [Fig. 4](#f0020){ref-type="fig"}D).

The combination of drugs did not improve the antioxidant effects of each individual drug treatment (*P*\>0.05; [Fig. 4](#f0020){ref-type="fig"}A--D).

Effects of treatments on vascular nitrotyrosine levels {#s0075}
------------------------------------------------------

Diffusion-limited reaction between superoxide and NO results in peroxinitrite formation [@bib29], and this highly reactive molecule increases tissue nitrotyrosine levels. Therefore, we examined whether antioxidant effects exerted by atorvastatin or sildenafil could prevent hypertension-induced increases in vascular nitrotyrosine levels. While higher vascular nitrotyrosine levels were found in 2K1C hypertensive rats (*P*\<0.05), both drug treatments attenuated this alteration ([Fig. 5](#f0025){ref-type="fig"}A and B; *P*\<0.05). No further attenuation was found when drug treatments were combined ([Fig. 5](#f0025){ref-type="fig"}A and B; *P*\>0.05).

Discussion {#s0080}
==========

This is the first study to show that atorvastatin, but not sildenafil, increased vascular nitrite concentrations in hypertensive rats. We demonstrated for the first time that both drugs exerted similar antioxidant and antihypertensive effects, and prevented 2K1C hypertension-induced endothelial dysfunction. No significant additive effects were found when both drugs were combined.

Increased production of angiotensin II in 2K1C hypertension activates NADPH oxidase, increases vascular ROS, and causes vascular dysfunction [@bib30], as we reported here. Both atorvastatin and sildenafil exerted antihypertensive effects in the 2K1C hypertension model, and this effect was consistently associated with antioxidant effects, as revealed by results obtained with three independent assays to evaluate vascular and systemic oxidative stress. Further confirming these results, both drugs at least tended to lower vascular nitrotyrosine levels in hypertensive rats. These results may explain the improved vascular function in 2K1C hypertensive rats treated with either atorvastatin or sildenafil. Indeed, our findings support previous studies showing similar effects of atorvastatin [@bib21] in spontaneously hypertensive rats (SHR). In agreement with our findings, the authors showed that atorvastatin reduced systolic blood pressure by approximately 20 mmHg and improved endothelial dysfunction as a result of lower vascular ROS levels [@bib21]. It is possible that some quantitative differences in the antihypertensive effects (40 mmHg decrease in SBP with atorvastatin in the present study *versus* 20 mmHg in the previous study [@bib21]) may reflect differences in study design or animal model.

The responses we found with sildenafil are similar to those previously shown in rats with NO depletion-induced hypertension [@bib22] or in the SHR model [@bib31]. The antihypertensive effects and the prevention against endothelial dysfunction of 2K1C hypertension with atorvastatin or sildenafil probably resulted of antioxidant mechanisms shared by both drugs. The increased ROS levels formed in the vasculature from hypertensive animals react with NO generating peroxinitrite and reduce tissue NO activity [@bib9]. Our results suggest that this critical mechanism may have been blunted by both drugs, thus improving endothelial-dependent vascular responses and lowering blood pressure. Together, our findings and those previously reported strongly suggest that both atorvastatin and sildenafil exert significant pleiotropic effects, independent of the canonical mechanism explaining their *in vivo* effects.

Tissue and circulating nitrite levels have been widely measured in experimental and clinical studies because nitrite plays important roles in signaling and regulation of blood flow [@bib4; @bib32; @bib33]. In fact, low nitrite levels indicate endothelial dysfunction and are associated with cardiovascular risk factors [@bib34]. Consistent with our results, circulating nitrite levels are usually below 1 µM, whereas tissue concentrations may achieve 10--20 µM [@bib24; @bib35]. The significant differences between circulating and tissue nitrite concentrations are very relevant because there is evidence that nitrite conversion into NO occurs predominantly in tissues [@bib7], and therefore pharmacological approaches that increase vascular nitrite concentrations may offer improved cardiovascular protection.

Low vascular or plasma nitrite levels could indicate endothelial dysfunction contributing to hypertension. However, we found similar aortic or plasma nitrite concentrations in 2K1C hypertensive rats compared to sham operated controls. While this finding could suggest that the 2K1C hypertension model may not be the most appropriate model to use since there was no reduction in vascular or plasma nitrate levels, there are clear time-dependent pathophysiological alterations in this hypertension model, with significant activation of the renin-angiotensin system during the initial weeks [@bib36], which is apparently normalized in the following weeks [@bib37]. Time-dependent changes in nitrite concentrations in 2K1C hypertension may explain the lack of significant differences that we found with respect to nitrite concentrations. Indeed, we have consistently found lower nitrite [@bib27; @bib38], nitrate [@bib38], and nitroso species [@bib39] concentrations in 2K1C hypertensive rats compared to controls after 4 weeks of 2K1C hypertension, but not after 8 weeks of hypertension. While it might have been more interesting to determine the effects of atorvastatin and sildenafil on nitrite levels at an earlier phase of 2K1C hypertension, we wanted to avoid this phase of transition from high to low renin-angiotensin system activity [@bib36; @bib37]. Adding complexity to this issue, aortic inducible NOS (iNOS) expression doubled after 8 weeks of 2K1C hypertension [@bib25], and it is not clear how increased iNOS expression may affect nitrite levels in 2K1C hypertension.

Interestingly, while both atorvastatin and sildenafil exerted antioxidant effects and improved endothelial dysfunction, we found increased vascular and plasma nitrite levels only in animals treated with atorvastatin. While this particular result could suggest that increasing tissue nitrite levels is not relevant to improve endothelial dysfunction or to lower blood pressure, we have not compared long term effects of both drugs in this hypertension model. For example, although we have not examined vascular hypertrophy or remodeling in the present study, it is possible that increased vascular nitrite levels translate into less vascular remodeling of hypertension, independent of drug-induced antihypertensive effects. This suggestion is supported by recent findings showing that nitrite promotes NO generation in vessels and in smooth muscle cells, and decreases cell proliferation [@bib40]. Further studies are required to examine whether statin-induced increases in vascular nitrite concentrations really attenuate vascular growth in hypertension models and in patients. Moreover, both atorvastatin and sildenafil showed antioxidant effects, and therefore it is probable that the increases in vascular nitrite concentrations do not necessarily reflect antioxidant effects.

Previous studies reported that combining sildenafil and atorvastatin improves vascular responses more than each drug alone [@bib18; @bib19; @bib20]. While our present results do not support this suggestion, it is possible that differences between animal models may explain the lack of interaction reported here. While the doses used in the present study were based on previous studies [@bib21; @bib22], it is possible that maximum effects have been achieved with each drug, thus preventing us to detect significant interactions between treatments.

In conclusion, we demonstrate that atorvastatin and sildenafil exert antioxidant effects, improve endothelial function, and lower blood pressure in 2K1C hypertension. While both drugs showed similar effects, only atorvastatin increased vascular NO stores. This effect may translate into improved long-term protective effects against cardiovascular events in hypertension.
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![Systolic blood pressure (mmHg) measured by tail-cuff method (panel A) and body weight (panel B) in the eight experimental groups along 10 weeks of study (*n*=7--10/group). Data are shown as mean±S.E.M. ^⁎^*P*\<0.01 *versus* Sham Vehicle group; ^⁎⁎^*P*\<0.01 *versus* 2K1C Vehicle group.](gr1){#f0005}

![Nitrite concentrations (µM; *n*=7--9/group) in the aortas (panel A) and in plasma samples (µM; *n*=4--5/group) from rats at the end of treatment. Nitrite concentrations were assessed by reductive chemiluminescence. Data are shown as mean±S.E.M. ^⁎^*P*\<0.05 *versus* respective Vehicle group.](gr2){#f0010}

![Endothelial cell-dependent vasorelaxation induced by acetylcholine (panels A and B) and endothelial cell-independent relaxation induced by sodium nitroprusside. Rat aortic ring preparations were studied after precontraction with phenylephrine (10^−7^ M) (*n*=6--10/group). Data are shown as mean±S.E.M. ^⁎^*P*\<0.05 *versus* Sham Vehicle group (panel A); ^\#^*P*\<0.05 *versus* 2K1C treated groups (panel B).](gr3){#f0015}

![Effects of drug treatments on vascular oxidative stress. Panel A shows representative photomicrographs (x400) with red fluorescence of DHE aortic samples from hypertensive and Sham-operated rats. Panel B shows the quantiﬁcation of aortic fluorescence (*n*=8/group). Panel C shows NADPH-dependent superoxide production measured as lucigenin chemiluminescence in the aortic rings (*n*=6--8/group). Panel D shows lipid peroxide levels measured in plasma samples and expressed in terms of MDA (*n*=10/group). Data are shown as mean±S.E.M. ^⁎^*P*\<0.05 *versus* Sham Vehicle group; ^⁎⁎^*P*\<0.05 *versus* 2K1C Vehicle group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).](gr4){#f0020}

![Effects of drug treatments on aortic nitrotyrosine levels. Panel A shows representative photomicrographs (x400) of immunostaining of nitrotyrosine performed in the aortas. Panel B shows the quantiﬁcation of brown staining of nitrotyrosine (*n*=4 per group). Data are shown as mean±S.E.M. ^⁎^*P*\<0.05 *versus* Sham Vehicle group; ^⁎⁎^*P*\<0.05 *versus* 2K1C Vehicle group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).](gr5){#f0025}
